The temporal evolution of the velocity field of an unsteady fluid flow can be tracked by combining particle image velocimetry and high speed photography. We used this technique to investigate the flow around cavitation bubbles during their collapse near a solid boundary. The light source was an argon laser with an external acoustooptic deflector which produces series of short pulses. Using a drum camera for high speed photography, we achieved a temporal resolution of 10 kHz and a spatial resolution of better than 2 points/ mm 2 . Velocities could be determined without directional ambiguity in a range from 2 to 30 m/s.
Introduction
There has been a trade-off between the possibility of recording whole velocity fields with laser speckle velocimetry or particle image velocimetry (PIV) [1] [2] [3] [4] [5] [6] [7] and the ability of techniques such as laser Doppler velocimetry 8 ' 9 to track the temporal evolution of a fluid flow at a single point. To overcome this limitation, we conceived an experimental arrangement for time-resolved PIV, where PIV is combined with high speed photography. The technique was applied to investigate the unsteady flow around asymmetrically collapsing cavitation bubbles.
The interest in the dynamics of cavitation bubbles in liquids arises from their destructive action on solid surfaces. A bubble collapsing near a solid boundary develops a high speed liquid jet which moves toward the boundary. As the maximum jet velocity may easily exceed 100 m/s, the water hammer pressure produced by the jet impinging on the surface is regarded as a cause of cavitation erosion. This picture has emerged from high speed photographic experiments 1 0 -14 and numerical calculations. 1 5 Until recently, only data about the bubble shape could be obtained both experimentally and numerically. A more detailed investigation of jet formation should include the velocity and pressure field around the bubble. Theory has already succeeded in supplying path lines and pressure contours in the neighborhood of collapsing bubbles, 1 6 but, as already encountered in the shape calculation, the development of the jet can only be followed until it hits the opposite bubble wall. Experiments are notoriously difficult in this area, as a plane in the liquid containing the center of the collapsing bubble has to be monitored at high spatial and temporal resolutions. The repetition rate of the measurement determining the temporal resolution is set by the lifetime of the bubble of only -1 ms and should exceed 10,000 s1.
The spatial resolution is set by the size of the collapsed bubble which usually is smaller than 0.1 mm and should reach several points of measurement per mm 2 .
As described below, these objectives could be reached by time-resolved PIV using an argon laser as the light source and a drum camera for high speed photography.
II. Time-Resolved Particle Image Velocimetry

A. Recording of PIV Photographs
The scheme for recording PIV photographs is quite simple (see Fig. 1 ). The fluid is seeded with microparticles serving as light scatterers, the density of which is adjusted to that of the fluid. A plane in the fluid is illuminated by a thin light sheet, and the particle distribution in this plane is imaged onto photographic film. Since the scattering particles follow the fluid flow, they are recorded as a chain of particle images when the film is multiply exposed. The projection of the fluid velocity vector into the observation plane can be calculated from the direction of each chain, the distance between the particle images and the time between successive exposures.
The temporal evolution of the flow field can be measured by taking a series of multiple exposure photographs. For this, the light source should be able to produce regular bursts of intense pulses of short dura-orientation of the image chains is altered as well. To avoid directional ambiguity, the relation The velocity dynamic range of PIV is usually deter-)IV).
mined by ensuring that for a measurement the spacing between the particle images is well resolved and that the direction and velocity of the particle movement is fluid motion, the dis3s is changed and the
B. Evaluation of PIV Photographs
At present, mainly two basic concepts are employed for the evaluation of PIV photographs:
(1) Evaluation via the diffraction pattern. A small part of the photograph is illuminated with a coherent plane wave, typically an unexpanded He-Ne laser beam. Then in the back focal plane of a converging lens Young's fringes modulating a speckle pattern are observed with a spacing and an orientation directly (2) Direct evaluation by individual inspection or digital image processing. 2 0 -2 2 This approach is useful as long as the density of scatterers is low and the particle image chains can be clearly identified. Besides, these methods are also useful if multiple exposure is substituted by long time exposure. In this case, the particle images are blurred out into stripes, the length and orientation of which gives the local velocity
The evaluation of the diffraction pattern is difficult, when only a very small area of the multiple exposure photograph is illuminated to achieve high spatial resolution. Then there are only a few particle chains in the interrogation area and cross interference of noncorresponding particle images produces fringe patterns which do not reflect the particle shift between exposures, but rather the particle distribution in the medium. According to Lourenco,1 8 flawless evaluation of a test point will only be possible if more than three particle chains are situated in the interrogation spot.
On the other hand, the information content of every single chain should be used to optimize the spatial resolution of the velocity field in the vicinity of the cavitation bubble. Therefore, direct evaluation of the multiple exposure photographs was considered better suited than evaluating the diffraction pattern. Direct evaluation by digital processing requires automatic identification of particle images belonging together and rejection of test points where the particle images cannot be arranged in chains. However, a test point is often rejected in digital image processing when individual inspection still permits definite identification of the particle image chains by utilizing a priori knowledge about the fluid flow (see, e.g., Ref. 20) .
Investigating cavitation bubble dynamics, the main problem to face was not an extraordinarily large number of test points, but the achievement of optimal spatial resolution. Thus, no automatic evaluation system was built up. Instead, the photographs were drastically magnified and the enlarged prints were evaluated by individual inspection.
Multiple exposure of the photographs offers advantages over double exposure, since the identification of a chain of particle images is easier than that of a pair of images. Moreover, a test point can be used for evaluation, even if a single particle image cannot be detected.
Long time exposures have much looser requirements with respect to the light source, but they have an important disadvantage. No distinction is possible between cases in which the length of a blurred image accounts for the whole exposure time and in which the particle has moved out of the light sheet during exposure.
Ill. Experimental Apparatus
A. Experimental Arrangement
The experimental arrangement is outlined in Fig. 2 . The cavitation bubbles are produced by focusing pulses from a passively Q-switched ruby laser into a cuvette with distilled water. The intense laser pulses with 50-ns duration and 100-400-mJ pulse energy cause an optical breakdown at the focal point of the laser. This leads to the formation of spherical cavitation bubbles at a well-defined instant and location.1 26 The light source for PIV is a 3.6-W argon-ion laser. The laser beam is chopped by an acoustooptic deflector controlled by a combination of two burst generators. Thus, pulse trains of variable length, pulse separation, and repetition rate can be generated. Each PIV frame was exposed with a sequence of five pulses with 1-As duration and 3-As distance between successive pulses (see Fig. 3 ). The pulse energy was 3 J. The argon laser beam is expanded vertically by a cylindrical lens with 40-mm focal length and focused horizontally by a convex lens with a focal length of 400 mm.
A light sheet of 15-mm height and 140-gm thickness is thereby produced in the plane, in which the center of the cavitation bubble is located. This plane is imaged into the film plane of the drum camera by a lens system with 75-mm focal length and an f/No. of 1.25. The diameter of the point spread function of the imaging system measured at its first zero is -20 gm. This value deviates from the value for a diffraction-limited lens system (1.6 Am) mainly because of the spherical aberrations introduced by the cuvette filled with water. Due to the large aperture of the optics, the depth of focus is only ±200 gm, so that even small vibrations of the drum camera cause defocusing. Nevertheless, by damping the camera vibrations a film velocity of up to 70 m/s could be achieved without entailing significant image blur. To make the most effective use of the scattered light, the particle images should have approximately the same size as the area covered by the point spread function of the image optics. Assuming a magnification of M = 1, this can be seen by the following line of reasoning. In the domain of Mie theory, the gross scattering power is proportional to the cross section of the particles, but the angular distribution of the scattered light changes with particle size. The polycrys- talline structure of the Vestamid particles implies that the size of the scattering elements remains constant when the particle diameter dp is varied. The angular distribution will in this case be more or less independent of dp. Therefore, the above-mentioned relationship between dp and the amount of scattered light holds also for the scattering in the diffraction perpendicular to the illuminating laser beam. Thus, the light intensity in the particle image increases proportional to d2as long as dp is smaller than the diameter dpsf of the point spread function. If dp is larger than dpsf, an increase of dP includes an enlargement of the area covered by the particle image and the mean image intensity approaches a constant. 2 8 Considering that dpsf is -20,gm, the average particle diameter of 25 gm ensures optimum utilization of the scattered light. Larger particle sizes should be avoided, because small particles follow the flow better than large ones.
C. Limitations of the Technique
Preliminary trials indicated a minimum time of 0.5 gs necessary for each individual exposure of the multiple exposure photographs. Due to the film movement in the drum camera and to the fluid flow, the effective exposure time is shorter than the duration of the light pulses. The maximum possible exposure will be achieved when the particle image moves just one particle diameter during a pulse. With a particle diameter of 25,gm, a pulse duration of 1 gs ensures an effective exposure time of 0.5 As up to a film velocity of 50 m/s. This sets the upper limit for the measurement range of the fluid velocity. There should be a minimum space of one particle image diameter between the particle images to make the evaluation possible. To ensure this in flow situations where film and particle images are moving in the same direction, the film velocity has to exceed the maximum velocity of the particle images. The largest detectable fluid velocity is connected to the film velocity by 3 Vmax 5VfP (2) In deducing this relation, the assumption was made that the particles should not move more than 3dp between two light pulses. Then, with v • Vmax, the space between the particle images on the film is two to eight particle image diameters, depending on the flow direction. According to Eq. (2), fluid velocities up to 30 m/s can be detected at 50-m/s film velocity and a magnification of M = 1.
The highest possible framing rate vp is given by`_ Vf ,
1
V P height of picture M height of object (3) At an object volume of 10-mm vertical extension and a magnification of M = 1, a film velocity of 50 m/s yields a maximum framing rate of 5 kHz. It can be raised to 10 kHz, if the vertical dimension of the object volume is reduced to 7 mm and if the magnification is decreased to 5/7. In this case, the measurement range is shifted to higher velocities with an upper limit of 42 m/s. Further increase of the framing rate by reduction of the magnification does not seem useful, because it would drastically lower the accuracy of evaluation due to the course grain of the Tri-X-Pan film and the large diameter of the point spread function of the lens system. At 10-kHz framing rate, picture series consisting of 300 frames can be taken with the drum camera, corresponding to a measurement time of 30 ms. When the concentration of the scattering particles is increased, it becomes more and more difficult to produce pointlike optical breakdowns and spherical cavitation bubbles. On the other hand, the concentration of the scatterers should be as high as possible to ensure good spatial resolution in the analysis of the fluid velocity field. Spherical bubbles could be generated by the focused ruby laser pulses up to a concentration of 3 X 1010 scatterers/m 3 , yielding a resolution of 2-3 measurement points/mm 2 .
IV. Results
The most decisive parameter for jet formation during cavitation bubble collapse is the dimensionless distance between bubble and solid boundary:
Rmax
Here denotes the distance between the bubble center and the boundary, and Rmax is the maximum radius of the cavitation bubble. Figure 5 shows a multiple exposure photograph of the flow around a cavitation bubble at y = 2.4, taken from a series with a 5-kHz framing rate. The result of the evaluation of a series with 10-kHz framing rate is given in Fig. 6 . As expected, the largest flow velocities are found on the side of the bubble where the jet is developing toward the solid boundary. The difference between the flow velocities on both sides of the collapsing bubble induces a movement of the whole bubble toward the solid boundary as well as jet formation in the same direction. The latter is further indicated by the fact that at the end of the collapse the velocity vectors do not point toward the center of the bubble, but toward a spot close to its surface on the side opposite the solid boundary. The flow is thereby focused and strongly accelerated. The last diagram in Fig. 6 shows that, during the second collapse, a vortex ring is formed as a consequence of the jet flow through the bubble.
As indicated by Fig. 6 , a satisfactory temporal resolution of the velocity field evolution in the vicinity of the bubble cannot be achieved even with the highest possible framing rate of 10 kHz. Besides, at an image scale of 5/7 the spatial resolution could not be made to exceed 1.5 measurement points/mm 2 . Therefore, a different approach was attempted to increase spatial resolution. The image quality was improved by using a magnification of M = 1 and a framing rate of 5 kHz.
The bubble dynamics was followed by combining pictures of different series taken at different stages of the bubble collapse. Figure 7 contains two velocity field representations for y = 2.4 achieved by this procedure.
In this case, spatial resolution is 2-3 measurement points/mm 2 . The dynamic range of the velocity measurement is '15:1.
Interpolation of the velocity fields in Fig. 7 results in the path line portrait in Fig. 8(a) . Here, the solid boundary is drawn at the bottom of the diagram to facilitate comparison with the numerical results in Fig.  8(b) . The path lines up to bubble shape 1 were ob- 
V. Conclusions
The velocity field of the fluid flow in the vicinity of a collapsing cavitation bubble has been investigated with the help of time-resolved particle image velocimetry. The rapid succession of multiply exposed frames is recorded by using a drum camera. The motion of the film with the rotating drum eliminates the ambiguity in the direction of the velocity present in conventional PIV. Furthermore, the dynamic range of measurable velocities is expanded. Velocities could be determined within a range of from <2 m/s to 30 m/s and within a field of 10 X 10 mm 2 . A temporal resolution of 10 kHz and a spatial resolution of higher than 2 points/mm 2 have been achieved. Time-resolved PIV offers new possibilities for the investigation of unsteady flows as it combines the advantages of conventional PIV, yielding the velocity field in a plane at one instant, and of laser Doppler anemometry which allows tracking of the temporal evolution of fluid flows at a single point.
